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Abstract—Broadband power line communication (BPLC) and
television white space (TVWS) are regarded as promising candi-
dates for indoor broadband applications of the Internet of things
(IoT). However, they share the access to the very high frequency
(VHF) band, which could cause harmful interference and perfor-
mance degradation to each other. In this paper, a TVWS regu-
lated BPLC system is proposed for point-to-multipoint downlink
communication, which integrates the requirement of primary
user sensing and the permissible transmission power spectral
density (PSD) for TVWS users into the BPLC standard, re-
garding VHF band access. This integration guarantees minimum
interference level between TVWS and BPLC and allows higher
transmission PSD for BPLC users in VHF, and hence higher
capacity and coverage for BPLC.
I. INTRODUCTION
The revolutionary development in communication technolo-
gies and protocols that took place in the last decade assists in-
formation exchange with high speed and large bandwidth. This
creates a reliable backhaul network that can support Internet of
things (IoT) services, which encompass connecting different
objects and sensors with different communication technologies
into one network [1] [2]. Television white space (TVWS)
communication and broadband power line communication
(BPLC) are two promising technologies that introduce cost-
effective solutions for high speed applications, especially in the
indoor environment [3]–[6]. The two technologies have been
recently introduced to support machine-to-machine services
in IoT network [7]–[9]. However, TVWS and BPLC share
the very high frequency (VHF) band, which can introduce
potential interference if they are integrated into the same IoT
network. This interference can affect the achievable throughput
and coverage distance, which drives our need for deeper study
into the regulatory standards of both technologies to achieve
better cooperation and integration into an IoT network.
Cognitive access of TVWS spectrum was recommended
by the Federal Communication Commission (FCC) in May
2004 [10]. In December 2008, FCC issued the second report
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[11] to regulate TVWS cognitive communication. The report
regulates the transmission power limits over the secondary
users (SUs) in order to protect the primary users (PUs) from
interference. SUs shall acquire sufficient information about
PU activity before utilizing the TV channel. Hence, the SU
shall be connected to a geolocation database and/or have high
sensing capabilities. The geolocation database has a detailed
temporal and geographical map for the availability of PU TV
channels.
BPLC has drawn researchers’ attention in last decade as
a promising technology for high speed indoor applications.
However, power line cables have not been designed or shielded
to carry the communication signals, which causes commu-
nication signal power loss due to electromagnetic radiation
[12] [13]. This radiation can cause severe interference to
surrounding wireless services, which share the same band in
particular, TV and radio wireless services in the VHF band
[14]–[16]. Consequently, the electromagnetic compatibility
(EMC) regulations limit the power spectral density (PSD) of
BPLC transmitter to avoid interference with existing wireless
services. For example, the standard of the comite´ European
de normalisation e´lectrotechnique (CENELEC) [6] limits the
PSD of BPLC signal to -55 dBm/Hz in the high frequency
(HF) band between 1.8 MHz and 30 MHz, and -80 dBm/Hz
in the VHF band between 30 MHz and 100 MHz. The 25
dB difference in the allowed PSD between the HF and the
VHF band yields a significant degradation in BPLC achievable
throughput and coverage distance in VHF band compared to
HF band. In [17] and [18], the cooperation was proposed
between TVWS and BPLC point-to-point systems in VHF
band only from both throughput and regulations perspectives,
while an overall TVWS BPLC standard framework for both
HF and VHF bands was not considered. Also, the coverage
and throughput analysis of the downlink point-to-multipoint
TVWS BPLC communication were not addressed.
In this paper, to mitigate the interference challenge in
realizing an IoT network, we propose a standard framework
which integrates the HomeplugAV2 standard [6] [14] for
BPLC and the ECMA-392 standard [19] for TVWS into a
point-to-multipoint communication system, which is referred
to as high throughput white BPLC (HT-WBPLC). This work
is different from the previous work in the following aspects:
1) To the best of our knowledge, this is the first work
to investigate the integration of BPLC with TVWS in
a downlink point-to-multipoint communication system,
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which integrates the requirement of primary user sensing
and the permissible transmission power spectral density
(PSD) for TVWS users into the BPLC standard. Based on
standard compatibility and our channel measurement re-
sults, the proposed standard framework enables additional
frequency band of 100 MHz - 200 MHz to be used by
BPLC, guarantees minimum interference level between
TVWS and BPLC and allows higher transmission PSD
for BPLC users in VHF. Both coverage and throughput
analysis are provided for the proposed HT-WBPLC sys-
tem. The results obtained show the benefit of utilizing the
crosstalk between wireless TVWS and BPLC to enhance
the overall HT-WBPLC system performance, especially
in the frequency beyond 100 MHz. HT-WBPLC achieves
higher throughput and coverage compared to MIMO
BPLC.
2) The proposed HT-WBPLC standard framework allows
three point-to-multipoint operating modes: a) BPLC in
HF, b) TVWS in VHF and in PU absence, and c) BPLC
in VHF and in PU presence, according to PU status and
operating frequency band, leading to a higher degree of
freedom in adapting to different standard requirements of
BPLC and TVWS. Resource allocation for the proposed
HT-WBPLC standard framework is investigated to maxi-
mize the system throughput under different requirements
of operating modes, while the previous work on resource
allocation for orthogonal frequency division multiple ac-
cess (OFDMA) based cognitive radio networks [20]–[25]
cannot be applied directly, as each operating mode has
their specific PSD and subchannel frequency spacing.
The rest of the paper is organized as follows. In Section II,
we present the proposed HT-WBPLC system model for IoT
network. In Section III, channel measurement results for the
cross-talk between wireless TVWS channel and BPLC channel
are presented. In Section IV, frequency and power allocation
problem for different users is investigated and optimal so-
lution is proposed. In Section V, point-to-multipoint system
simulation results are presented to evaluate the performance
of our proposed HT-WBPLC system and in comparison to
TVWS and MIMO BPLC systems. In Section VI, the paper
is concluded.
II. HT-WBPLC: STANDARD OVERVIEW AND SYSTEM
MODEL
A. HT-WBPLC Standard for IoT Networks
The first edition of ECMA-392 [19] standard was released
in 2009 for TVWS communications, and the second edition
was released in 2012. Also, HomplugAV2 standard [14] was
issued in 2012 as an extension to the IEEE 1901 standard for
BPLC systems. The common band between ECMA-392 and
HomeplugAV2 standards is the VHF band. However, BPLC
and TVWS transceivers are permitted to access the VHF band
at different transmission PSD levels. BPLC transceiver uses
-80 dBm/Hz PSD to access VHF band compared to -47.7
dBm/Hz PSD, in case of TVWS transceiver.
The proposed standard amendment for HT-WBPLC allows
the integration of TVWS and BPLC into one communication
Fig. 1: HT-WBPLC modes of operation
system in IoT network. Hence, it incorporates both ECMA-392
and HomeplugAV2 standards. HT-WBPLC has three modes of
operation according to the frequency band and PU activity. In
Fig. 1, different operating modes of HT-WBPLC are mapped
over four quadrants, where the upper part of the figure
represents PU absence case and the right part represents VHF
band access and vice versa. The three HT-WBPLC modes can
be explained as:
1) Mode A: This mode spans the frequency band 1.8 MHz
- 30 MHz. Consequently, HomplugAV2 standard is adopted
for the physical (PHY) and medium access control (MAC)
layers in communication with transmission signal PSD of -55
dBm/Hz. The band below 30 MHz has the advantage that it is
a completely free band, which can provide a backup channel
when all TVWS channels are occupied. In WBPLC, single-
input single-output (SISO) BPLC is used for communication,
while in the HT-WBPLC, MIMO BPLC is used.
2) Mode B: This mode deals with the case of the PU
absence in VHF band. Therefore, the spanned frequency spec-
trum is 54 MHz - 200 MHz. According to FCC regulations,
9 TV channels are allowed for cognitive access in this band
which are: 54 MHz - 60 MHz, 60 MHz - 66 MHz, 66 MHz -
72 MHz, 76 MHz - 82 MHz,82 MHz - 88 MHz, 174 MHz -
180 MHz, 180 MHz - 186 MHz, 186 MHz - 192 MHz and 192
MHz - 198 MHz. ECMA-392 standard is adopted in the PHY
and MAC layers design. Consequently, the maximum allowed
PSD for each 6 MHz channel is -47.7 dBm/Hz and -51.7
dBm/Hz for non-adjacent and adjacent channels, respectively.
As a result, our HT-WBPLC system offers BPLC at least 34
dB increase in the PSD in VHF band, hence can significantly
improve the achievable throughput. In mode B, BPLC channel
is used cooperatively with the wireless TVWS channel, which
increases the number of spatial channels.
3) Mode C: This mode deals with the case of the PU
presence in VHF band. The spanned frequency band is 30
MHz - 200 MHz. HomeplugAV2 standard is adopted for the
PHY and MAC layers of communication. Therefore, the PSD
is restricted to -80 dBm/Hz.
The main features of the three modes of HT-WBPLC
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Fig. 2: Block diagram of the HT-WBPLC system
TABLE I: HT-WBPLC Modes of Operation
Mode A Mode B Mode C
Frequency
Band
1.8 MHz - 30
MHz
54 MHz - 200
MHz
30 MHz - 200
MHz
Tx Type BPLC BPLC +
TVWS
BPLC
Rx Type BPLC BPLC +
TVWS
BPLC +
TVWS
Communication
Standard
HomeplugAV2 ECMA-392 HomeplugAV2
PSD -55 dBm/Hz -47.7 dBm/Hz
(free channel),
-51.7 dBm/Hz
(adjacent chan-
nel)
-80 dBm/Hz
Tx/Rx Ports
maximum
number
2 Tx & 2 Rx 3 Tx & 3 Rx 2 Tx & 3 Rx
Number of
Subcarriers
1156 1152 1260
Subcarrier fre-
quency spacing
24.414 kHz 46 kHz 46 kHz
operation are summarized in Table I.
B. HT-WBPLC System Model
In Fig. 2, the system model for HT-WBPLC point-to-
multipoint communication system is shown. The model is
applied to the three modes of HT-WBPLC operation. The
M-ary quadrature amplitude modulation (M-QAM) with gray
bit mapping is used as a sub-modulation for the subcarriers
in the orthogonal frequency division multiplexing (OFDM)
symbol. Each QAM modulated signal is then sent to space
time block coding (STBC) encoder, which transmits the same
QAM symbol over both BPLC and TVWS channels. The
transmission power for each OFDM subcarrier is regulated
according to the proposed standard amendment in this section,
while the subcarrier and power allocation problem for MIMO
HT-WBPLC channel is discussed in detail in Section IV.
III. HT-WBPLC MIMO CHANNEL MODEL
A. Channel Estimation
HT-WBPLC channel estimation is subdivided into two
categories: PU and SU channel estimation. PU channel es-
timation is obtained using two methods: geolocation database
communication and carrier sensing. Each method has its own
advantages and drawbacks. Geolocation database communica-
tion supports a safer mechanism for the TV band licensed
users to protect their network [26] [27]. As a result, the
office of communications (Ofcom) in UK stated ”the most
important mechanism in the short to medium term will be
geolocation” [27]. However, the geolocation database can
suffer some prediction errors and differences from real mea-
sured PU data as stated in [28], which raises the problems
of PU carrier misdetection and false alarm. Hence, sensing
techniques are recommended to enhance PU carrier detection.
The main challenge of PU carrier sensing is determining
the accurate threshold with respect to misdetection and false
alarm probabilities [26]. Determining the optimum threshold
for PU carrier sensing was approached in our work [17],
where the throughput of point-to-point HT-WBPLC system
was investigated compared to MIMO BPLC. In [17], a MIMO
sensing algorithm was proposed for the PU signal, where
probabilities of detection and false alarm of 0.99 and 1e-7
were achieved, respectively.
Regarding SU channel estimation, feedback is assumed
between HT-WBPLC Tx and Rx. The impact of channel
estimation error on the overall throughput of point-to-point
HT-WBPLC system was investigated in our work in [29].
In our paper, we focus on coverage area and throughput
analysis of point-to-multipoint HT-WBPLC system compared
to MIMO BPLC system in [14], ignoring the channel estima-
tion problems for both PU and SU that had been addressed in
previous literature [17] [29]. Perfect channel state information
is assumed available for SU Tx and Rx as in [23]–[25] and
[30]. We rely on geolocation database communication for PU
presence as recommended in [26] and [27].
B. Channel Model
BPLC indoor channel was investigated in VHF band in [31].
The path loss of BPLC was proved to be frequency selec-
tive and dependent on several factors like: power line cable
type, power outlet density, power line cable branch lengths
and terminal loads. Also, VHF path loss model for indoor
wireless channel was modelled in [32]. The wireless path loss
depends mainly on separating geometric distance, number of
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separating walls and floors. Moreover, several studies in [33]–
[35] suggested enhancing BPLC signal reception by adding
an antenna to the receiver and hence, can compromise the
radiated electric field.
In this paper, we extend the channel measurements con-
ducted in [13] and [31], to include the crosstalk between
BPLC and TVWS wireless channels. The aim of channel
measurements is path loss modeling of the crosstalk channel
and comparing it against BPLC channel path loss. In [13],
BPLC wireless channel measurements in the frequency band
1.7 MHz - 100 MHz show channel capacities of 450 Mbps
and 85 Mbps for both short and long distances, respectively.
This result proves the promising application of the standard
amendment proposed in this paper to regulate HT-WBPLC
system. Since, HT-WBPLC is proposed to span VHF band up
to 200 MHz, the frequency band of our channel measurements
is 84 MHz - 200 MHz. However, we avoid the frequency
modulation (FM) band from 88 MHz - 110 MHz due to the
interference from FM radio. The channel measurements are
held inside the laboratories and offices within the Department
of Electrical Engineering and Electronics of the University of
Liverpool, which makes the results applicable to indoor office
environment. The Tx and Rx are located at the same floor. The
channel between any two power line couplers is represented
by network of power line cables, while the channel between
any two wireless antennas is the radio propagation channel.
The path loss is measured using radio frequency (RF) signal
generator at Tx and spectrum analyzer at Rx. The path loss is
measured for three different channels: 1) the channel between
two power line coupling circuits, referred to as h11; 2) the
channel between a coupling circuit at Tx and wireless antenna
at Rx, referred to as h12; 3) the channel between wireless
antenna at Tx and power line coupling circuit at Rx, referred
to as h21.
Two broadband coupling circuits have been used in Tx
and Rx. The coupling circuit has been designed to be broad-
band inductive as in [36], to achieve flat gain in broadband
application. The loss has been measured in the coupling
circuits and the connection cables by measuring their S-
parameters using the network analyzer for calibration purpose.
The channel measurements have been carried out between the
outlets belonging to the same phase and the same distribution
box. The channel measurements have been done in different
rooms to have an average path loss representation.
In Fig. 3, the gain of the crosstalk and BPLC channels are
shown versus distance. The channel gain is measured at four
frequencies in the band 84 MHz - 200 MHz, which are 84
MHz, 110 MHz, 140 MHz and 190 MHz. The gain in Fig. 3
is mapped for all aforementioned four frequencies to better
describe the path loss in the whole frequency band rather
than single frequency tone. The gain is measured for each
frequency at different coverage distances to model the path
loss of the channel. The channel measurement results show
that BPLC and crosstalk channels have close gain performance
with respect to distance, since the slope α of the fitted channel
gain takes the values of -2.7, -1.8 and -1.4 for the h11, h12
and h21, respectively. Also, the results show that the crosstalk
channel gain is below BPLC channel gain for small coverage
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Fig. 3: Crosstalk channel compared to BPLC channel
distance; however for long coverage distances the crosstalk
channel gain outperforms the corresponding BPLC channel
gain. This is due to the dependence of the crosstalk channel
gain mainly on the geometric separation distance between Tx
and Rx. However, BPLC channel gain is mainly dependent
on the electric separation distance, which is the length of the
power line cable connecting the Tx to the Rx. It is known that
the electric distance is longer than the geometric distance as
reported in [31].
An important observation can be deduced from Fig. 3,
which is measured channel gain large variance about its mean
value. BPLC channel gain with respect to geometric Tx-Rx
distance is characterized by its large variance, as have been
proved in previous literature measurements [37]. This is due to
BPLC channel gain dependency on Tx-Rx ”electric distance”
rather than ”geometric distance”. Also, BPLC channel gain
varies according to powerline topology, cable connections,
connected loads and outlet density, which increases the overall
channel variance about its mean value.
IV. THROUGHPUT MAXIMIZATION AND POWER
ALLOCATION IN HT-WBPLC
In this paper, the downlink is investigated for a point-to-
multipoint HT-WBPLC indoor system. The sink is connected
to a geolocation database to obtain the PU temporal and
geographical map of access to the TV channels. Also, the
noise is assumed to have zero mean and PSD N0.
A. Problem Formulation
In HT-WBPLC, there are N1 subcarriers in HF band 1.8
MHz - 30 MHz. In this band, HT-WBPLC transmitter uses
the N1 subcarriers of BPLC channel only under the PSD
constraint of HomeplugAV2 [14]. In VHF band 30 MHz - 200
MHz, there are N2 subcarriers that are used by HT-WBPLC
transmitter under one of the following two conditions:
1) PU absence: In this case, HT-WBPLC transmitter uses
both TVWS wireless channel and BPLC channel in the
transmission of the data across the N2 subcarriers. STBC
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is adopted in the transmission across the two channels
in order to enhance the diversity gain. The transmission
power is also constrained according to ECMA-392 stan-
dard in [19].
2) PU presence: In this case, HT-WBPLC transmitter uses
BPLC channel only in the transmission under the PSD
constraint of HomeplugAV2. STBC is here adopted in
the transmission across MIMO BPLC channels only.
Since we consider the case of downlink between the sink
and the users, the target of the power and subcarrier allocation
is to achieve maximum throughput and also satisfy different
power constraints by different standards at different frequency
bands. Let Penj , 2
knj , Pnj be the BER, the constellation size
and the allocated power for the n-th subcarrier of the j-th
user, respectively, and Nt, Nr, ζ be the numbers of Tx and
Rx ports and STBC code rate, respectively. Let hntnrj be the
channel gain of spatial path ntnr for a given subcarrier and
user and αntj be the ratio of the power allocated at Tx for
each spatial path. Following [38], αntj is calculated as
αntj =
√
βntj∑Nt
nt=1
βntj
(1)
where βntj =
∑Nr
nr=1
|hntnrj |2. Let Cnj be the effective
instantaneous MIMO channel gain for the n-th subcarrier and
the j-th user after STBC decoder. Cnj can be calculated as
Cnj =
∑Nt
nt=1
αntj
∑Nr
nr=1
|hntnrj |2. In the case of SISO
channel, Cnj is simply the channel gain |hntnrj |2 and αntj is
taken as 1. Hence, a simple approximated probability of error
expression can be adopted as in [39]
Penj =
0.2[
1 + 1.6
2knj−1
PnjCnj
NtζN0
]NtNr (2)
Let the Penj be the same for all subcarriers and users and equal
to the target probability of error Pe. Therefore, the number of
bits knj assigned for subcarrier n and user j is expressed as
knj = log2
1 + 1.6PnjCnj
NtζN0
[
(0.2/Pe)
1
NtNr − 1] (3)
The second derivative of knj with respect to Pnj is negative,
which proves that Equation (3) is a concave function [40]. knj
has three different expressions according to corresponding HT-
WBPLC mode of operation.
1) Mode A: In this mode, BPLC channel is the only channel
available and hence, NtA , NrA and ζ are assumed to be equal
to 1 for WBPLC. However, in HT-WBPLC, NtA and NrA are
equal to 2. Also, the PnAj allocated to each subcarrier shall
be lower than a maximum power PA, which is the maximum
power that can be allocated to the subcarrier to satisfy PSD
constraint of HomeplugAV2 in HF band. The number of bits
knAj assigned to mode A subcarrier nA of j-th user can be
expressed using (3) as:
knAj = log2
1 + 1.6PnAjCnAj
NtAN0
[
(0.2/Pe)
1
NtA
NrA − 1] (4)
2) Mode B (30 MHz - 84 MHz & PU absence): In this case
both BPLC and TVWS channels are used. Let PH0 represent
the probability of the PU absence. Since the frequency band
from 30 MHz to 54 MHz is not allowed for TVWS commu-
nication, PH0 is equal to zero in this band. The number of
bits k(0)nBj assigned to mode B subcarrier nB of the j-th user
can be expressed as
k
(0)
nBj
= PH0 log2
1 + 1.6P
(0)
nBj
C
(0)
nBj
N
(0)
tB N0
[
(0.2/Pe)
1
N
(0)
tB
N
(0)
rB − 1] (5)
The allocated power P (0)nBj for each subcarrier shall be below
a maximum power P (0)B to satisfy Tx power constraint of
ECMA-392 standard. N (0)tB and N
(0)
rB take the value of 2 in
case of WBPLC and the values of 2 and 3, respectively in
case of HT-WBPLC. ζ is taken as 1 for full rate STBC coding,
where the superscript (0) indicates the absence of the PU.
3) Mode C (30 MHz - 84 MHz & PU presence): In this
case BPLC channel is the only channel used and hence, the
k
(1)
nBj
can be expressed as
k
(1)
nBj
= PH1 log2
1 + 1.6P
(1)
nBj
C
(1)
nBj
N
(1)
tB (N0 +Np)
[
(0.2/Pe)
1
N
(1)
tB
N
(1)
rB − 1]
(6)
where PH1 and Np represent PU presence probability and
interference power, respectively. Also, the P (1)nBj shall be below
a certain power P (1)B to satisfy PSD of HomeplugAV2 in VHF
band. Let T be the overall throughput, which can be defined
as
T = ΠI0(1−Pe)
K∑
j=1
[ N1∑
n1=1
knAj
t1
+
∑N2
nB ,nB=1
(k
(0)
nBj
+ k
(1)
nBj
)
t2
]
(7)
where, ΠI0 is the steady-state probability of non-burst impul-
sive state I0 of the BPLC channel [41]. T is considered as
linear combination of knj , which is concave function with
respect to Pnj . As a result, T is considered as concave
function with respect to Pnj . According to [40], maximizing a
concave function is considered a convex optimization problem.
Hence, the problem of maximizing overall throughput T can
be expressed as
max
PnAj ,P
(0)
nBj
,P
(1)
nBj
T (8)
s.t.
(C1) PnAj , P
(0)
nBj
, P
(1)
nBj
≥ 0, (C2) ∑Kj=1 PnAj ≤ PA,
(C3)
∑K
j=1 P
(0)
nBj
≤ P (0)B , (C4)
∑K
j=1 P
(1)
nBj
≤ P (1)B ,
(C5)
∑K
j=1
[∑N1
nA=1
PnAj +
∑N2
nB=1
PH0P
(0)
nBj
+
PH1P
(1)
nBj
] ≤ Pin,
(C6)
∑N1
nA=1
knAj
t1
+
∑N2
nB=1
(k
(0)
nBj
+k
(1)
nBj
)
t2
≥ Rj , where N1 and
N2 are the number of subcarriers in HF and VHF bands,
respectively. Also, t1 and t2 are OFDM symbol durations in
HomeplugAV2 and ECMA-392 standards, respectively. Rj is
the throughput requested for each user. Pin is the total input
power to the sink.
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B. Problem Solution
The Lagrangian of the problem can be expressed as
L =ΠI0(1− Pe)
K∑
j=1
[ N1∑
nA=1
1
t1
log2{1 +
1.6PnAjCnAj
N0
[
( 0.2Pe )
1
(NtA
NrA
) − 1]}+
N2∑
nB
PH0
t2
log2{1 +
1.6P
(0)
nBj
C
(0)
nBj
(2N0
[
( 0.2Pe )
1
(N
(0)
tB
N
(0)
rB
) − 1])}+
PH1
t2
log2{1 +
1.6P
(1)
nBj
C
(1)
nBj
2(N0 +Np)
[
( 0.2Pe )
1
(N
(1)
tB
N
(1)
rB
) − 1]}
]
−
λ
K∑
j=1
[ N1∑
nA=1
PnAj +
N2∑
nB=1
PH0P
(0)
nBj
+ PH1P
(1)
nBj
]
+
λPin −
N1∑
nA=1
µnA
[ K∑
j=1
PnAj − PA
]
−
N2∑
nB=1
µ(0)nB
[ K∑
j=1
P
(0)
nBj
− P (0)B
]
−
N2∑
nB=1
µ(1)nB
[ K∑
j=1
P
(1)
nBj
− P (1)B
]
+
K∑
j=1
βj
[ N1∑
nA=1
1
t1
log2{1 +
1.6PnAjCnAj
N0
[
( 0.2Pe )
1
(NtA
NrA
) − 1]}+
N2∑
nB=1
PH0
t2
log2{1 +
1.6P
(0)
nBj
C
(0)
nBj
(2N0
[
( 0.2Pe )
1
(N
(0)
tB
N
(0)
rB
) − 1])}+
PH1
t2
log2{1 +
1.6P
(1)
nBj
C
(1)
nBj
2(N0 +Np)
[
( 0.2Pe )
1
(N
(1)
tB
N
(1)
rB
) − 1]}
]
−
K∑
j=1
βjRj
(9)
where, λ, µnA , µ
(0)
nB , µ
(1)
nB and βj are Lagrangian multipliers.
Using the primal decomposition method, the problem in (9)
can be divided into 3 convex optimization sub-problems. Each
sub-problem is further decomposed into single variable convex
optimization sub-problems as function of the allocated power
to each user and subcarrier as
1) Sub-Problem 1:
L1 =ΠI0(1− Pe)
K∑
j=1
N1∑
nA=1
1 + βj
t1
log2
{
1 +
1.6PnAjCnAj
N0
[
(0.2/Pe)
1
NtA
NrA − 1]
}
−
K∑
j=1
N1∑
nA=1
λPnAj −
N1∑
nA=1
K∑
j=1
µnA
[
PnAj −
PA
K
]
(10)
The single variable convex sub-problem is represented as
f1(PnAj) =ΠI0(1− Pe)[
1 + βj
t1
log2
{
1 +
1.6PnAjCnAj
N0
[
(0.2/Pe)
1
NtA
NrA − 1]
}
−
λPnAj − µnA
[
PnAj −
PA
K
]]
(11)
2) Sub-Problem 2:
L2 = ΠI0(1− Pe)
K∑
j=1
N2∑
nB=1
PH0(1 + βj)
t2
log2
{
1 +
1.6P
(0)
nBj
C
(0)
nBj
(2N0
[
( 0.2Pe )
1
N
(0)
tB
N
(0)
rB − 1])
}
−
K∑
j=1
N2∑
nB=1
λPH0P
(0)
nBj
−
N2∑
nB=1
K∑
j=1
µ(0)nB
[
P
(0)
nBj
− P
(0)
B
K
]
(12)
The single variable convex sub-problem is represented as
f2(P
(0)
nBj
) = ΠI0(1− Pe)[
PH0(1 + βj)
t2
log2
{
1 +
1.6P
(0)
nBj
C
(0)
nBj
(2N0
[
( 0.2Pe )
1
N
(0)
tB
N
(0)
rB − 1])
}
−
λPH0P
(0)
nBj
− [P (0)nBj − P (0)BK ]
]
(13)
3) Sub-Problem 3:
L3 = ΠI0(1− Pe)
K∑
j=1
N2∑
nB=1
PH1(1 + βj)
t2
log2
{
1 +
1.6P
(1)
nBj
C
(1)
nBj
(2(N0 +Np)
[
( 0.2Pe )
1
(N
(1)
tB
N
(1)
rB
) − 1])
}
−
K∑
j=1
N2∑
nB=1
λPH1P
(1)
nBj
−
N2∑
nB=1
K∑
j=1
µ(1)nB
[
P
(1)
nBj
− P
(1)
B
K
]
(14)
The single variable convex sub-problem is represented as
f3(P
(1)
nBj
) = ΠI0(1− Pe)[
PH1(1 + βj)
t2
log2
{
1 +
1.6P
(1)
nBj
C
(1)
nBj
(2(N0 +Np)
[
( 0.2Pe )
1
(N
(1)
tB
N
(1)
rB
) − 1])
}
− λPH1P (1)nBj − µ(1)nB
[
P
(1)
nBj
− P
(1)
B
K
]]
(15)
After forming the Lagrangian functions and applying the
Karush-Kuhn-Tucker (KKT) conditions. The power allocated
to each mode of operation for subcarrier n and user j is
expressed as
PnAj =[
1 + βj
(t1(λ+ µnA))
− N0
[
( 0.2Pe )
1
(NtA
NrA
) − 1]
1.6CnAj
] (16)
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P
(0)
nBj
=[
PH0(1 + βj)
(t2(PH0λ+ µ
(0)
nB ))
−
2N0
[
( 0.2Pe )
( 1
(N
(0)
tB
N
(0)
rB
)
)− 1]
1.6C
(0)
nBj
]
(17)
P
(1)
nBj
=[
PH1(1 + βj)
(t2(PH1λ+ µ
(1)
nB ))
−
2(N0 +Np)
[
( 0.2Pe )
( 1
N
(1)
tB
N
(1)
rB
)− 1]
1.6C
(1)
nBj
]
(18)
Using Equations (16) - (18), the power and subcarriers are
allocated for each user according to Algorithm 1
Algorithm 1 Subcarrier and user allocation
1: Initialization: Set φ = {1 . . .K} as the set of users,
ΩT = {1 . . . N1} ∪ {1 . . . N2} as the set of all available
subcarriers for all users. Ωj is the set of the subcarriers al-
located to user j ∈ φ, Ωj = {φ}. βj , µnA , µ(0)nB , µ(1)nB = 0.
2: Allocate the maximum permissible power for each sub-
carrier PnAj = PA, P
(0)
nBj
= P
(0)
B , P
(1)
nBj
= P
(1)
B .
3: Start a For loop across the subcarriers of ΩT
4: for k=1:N1 do
5: Calculate knAj/t1 or (k
(0)
nBj
+ k
(1)
nBj
)/t2 for each user
j in φ.
6: if knAj/t1 > knA(j−1)/t1 then
7: j ← nA, ΩT = ΩT − nA
8: else
9: if (k(0)nBj + k
(1)
nBj
)/t2 > (k
(0)
nB(j−1) + k
(1)
nB(j−1))/t2
then
10: j ← nB , ΩT = ΩT − nB
11: end if
12: end if
13: if Rj is achieved then
14: φ = φ− j
15: end if
16: end for
17: while sum of all transmission power is ≤ Pin do
18: Calculate the optimum power using the obtained user-
frequency map in the For loop with the aid of equations
(16) - (18), and find the appropriate λ using the bisection
method.
19: if PnAj > µnA then
20: PnAj ← µnA
21: else
22: if P (0,1)nBj > µnB then
23: P
(0,1)
nBj
← µnB
24: end if
25: end if
26: end while
V. NUMERICAL RESULTS
In this section, the HT-WBPLC downlink model in Fig. 2 is
used for simulation. The PU presence activity is represented
using two-state discrete-time Markov chain model (DTMC),
where the PU presence steady state probability for each 6
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Fig. 4: Achievable throughput versus coverage distance
MHz TV channel is taken as 0.2. Also, impulsive noise is
represented in our simulations by a two-state DTMC model,
where the steady state probability of non impulsive state ΠI0
is 0.9. The power line topology generator in [42] is used in
the simulations to model the power line cable, terminal loads
and outlet connection and hence, the power line channel. The
topology generator in [42] is used to generate 100 topologies
for each case of simulation and to calculate the average
throughput. The VHF radio propagation channel is modelled
as Rayleigh fading channel with average path loss as in
[32]. In the simulations, HT-WBPLC is compared to MIMO
BPLC [14] and TVWS systems. TVWS is implemented using
ECMA-392 standard [19] and the FCC regulations [11].
A. HT-WBPLC Coverage
In Fig. 4, HT-WBPLC coverage distance is compared to
those of 2 × 2 MIMO WiFi, TVWS and MIMO BPLC
communication systems, The achievable throughput by the
proposed HT-WBPLC nearly doubles that achieved by MIMO
BPLC. This proves the ability of our proposed system of
improving both the coverage distance and throughput over
other communication technologies.
Since the coverage area is considered as a main challenge
for current indoor network technologies, a comparison be-
tween our proposed HT-WBPLC system and MIMO BPLC
system is presented. In the comparison, a 500 m2 area with
20 users is simulated for different BPLC topologies, load con-
nections and users’ distribution across the area. The average
throughput for each user is calculated and compared against its
location with respect to the sink location and hence, a coverage
heat map is generated.
In Figs. 5a and 5b the coverage heat maps for HT-WBPLC
and MIMO BPLC are presented, respectively. The areas which
are covered by throughput ≤ 1 Mbps represent 20% of the
total coverage area in MIMO BPLC case, compared to 15%
in HT-WBPLC case. This shows the ability of HT-WBPLC
to decrease the percentage of areas with limited coverage
throughput. For coverage areas≥ 400 m2 the achieved average
throughput per user offered by MIMO BPLC is 17 Mbps,
compared to 21.5 Mbps offered by HT-WBPLC for each user.
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(a)
(b)
Fig. 5: Coverage heat map of (a) HT-WBPLC and (b) MIMO
BPLC
This shows the ability of HT-WBPLC system to increase
the user throughput for large coverage areas by nearly 29%
compared to MIMO BPLC.
B. HT-WBPLC Throughput
In Fig. 6, the throughput complementary cumulative distri-
bution function (CCDF) of HT-WBPLC system is shown at
different input power levels. The input power levels simulated
are 50 mW, 100 mW and 1 W, which are allocated in the
downlink for different users and different subcarriers using
Algorithm 1 in Section IV. For 50% of the time, HT-WBPLC
achieves total downlink throughput of 565 Mbps and 343
Mbps at input transmission power of 50 mW and 1000 mW,
respectively. Therefore, an increase of 200 Mbps is observed in
the achievable throughput with the increase in the power level.
Compared to MIMO BPLC [14], the proposed HT-WBPLC
can support higher input power level as it complies with the
requirements of the FCC regulations, which allow a 34 dB
increase in the PSD than that allowed by HomeplugAV2 for
BPLC.
In Fig. 7, our proposed HT-WBPLC is compared to MIMO
BPLC in the frequency band 1.8 MHz - 200 MHz at an input
transmission power of 100 mW. The simulation results show
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Fig. 6: Complementary CDF of the achievable throughput by
the proposed HT-WBPLC using different input power levels
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Fig. 7: Complementary CDF of the throughput using the
proposed HT-WBPLC and the conventional MIMO BPLC
that for 60% of the time, a throughput of 200 Mbps is achieved
using MIMO BPLC [14], while 380 Mbps is achieved using
HT-WBPLC which corresponds to 90% increase. Moreover,
HT-WBPLC throughput CCDF is compared against MIMO
BPLC [14] and TVWS in VHF band only. Significant through-
put increase has been shown in VHF band by HT-WBPLC over
the other two systems. This proves that the main reason behind
the increase in the achievable throughput is due to VHF band
exploitation. The increase is for two main reasons: 1) the ad-
dition of the wireless channel to the BPLC channel by adding
a wireless VHF antenna allows HT-WBPLC to be TVWS
standard compliant, which results in higher permissible PSD
and hence, higher throughput compared to HomeplugAV2; 2)
the increase in allowed spectrum of communication in VHF
band up to 200 MHz.
VI. CONCLUSION
In this paper, a HT-WBPLC communication system has
been proposed, which makes use of TVWS and BPLC chan-
nels in VHF bands cooperatively, based on the cognitive
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radio principle. HT-WBPLC benefits are two-fold: a) HT-
WBPLC overcomes IoT network design challenge in realizing
an integrated solution that incorporates BPLC and TVWS
communication based nodes, by offering a TVWS compliant
perspective of BPLC standard, b) HT-WBPLC also overcomes
PSD constraints in BPLC and enables transmission in addi-
tional frequency band, and hence more coverage area. Our
channel measurement results in Section III prove that the
crosstalk channel between BPLC and TVWS can be exploited
to enhance BPLC signal reception. Point-to-multipoint system
simulation results have demonstrated that the proposed HT-
WBPLC features a minimum of 40% over MIMO BPLC [14]
and TVWS [19] [11], in term of total downlink throughput.
Regarding network coverage, HT-WBPLC shows an increase
in achievable user throughput by 29% compared to MIMO
BPLC [14], for areas larger than or equal to 400 m2. There-
fore, HT-WBPLC is a promising solution for the growing
needs of IoT.
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